Acute and chronic pain resulting from injury, surgery, or disease afflicts >100 million Americans each year, having a severe impact on mood, mental health, and quality of life. The lack of structural and functional information for most ion channels, many of which play key roles in the detection and transmission of noxious stimuli, means that there remain unidentified therapeutic targets for pain management. This study focuses on the TRPC4 ion channel, which is involved in the tissue-specific and stimulus-dependent regulation of intracellular Ca 2+ signaling. Rats with a transposon-mediated TRPC4-knockout mutation displayed tolerance to visceral pain induced by colonic mustard oil (MO) exposure, but not somatic or neuropathic pain stimuli. Moreover, wild type rats treated with a selective TRPC4 antagonist (ML-204) prior to MO exposure mimicked the behavioral responses observed in TRPC4-knockout rats. Significantly, ML-204 inhibited visceral pain-related behavior in a dose-dependent manner without noticeable adverse effects. These data provide evidence that TRPC4 is required for detection and/or transmission of colonic mustard oil visceral pain sensation. In the future, inhibitors of TRPC4 signaling may provide a highly promising path for the development of first-in-class therapeutics for this visceral pain, which may have fewer side effects and less addictive potential than opioid derivatives.
Introduction
Visceral pain is associated with various acute and chronic disease states and does not respond adequately to current pain therapeutics. Visceral pain is often caused by distension, obstruction, or inflammation of the gastrointestinal tract. Nervous pathways involved in visceral pain transmission include the peripheral sensory fibers in the intestinal wall that pass through sympathetic chain ganglia to their spinal ganglia cell bodies, which then innervate neurons located in the layers I, II, V and X of the spinal cord (Ness and Gebhart, 1990) . The elucidation of the molecular basis of pain is progressing and promises to deliver novel targets for the development of effective pain therapeutics as alternatives to morphine. This study focuses on the role of the TRPC4 gene in a rat model of visceral pain induced by intra-colonic administration of mustard oil (MO). The TRPC4 channel, involved in the tissue-specific and stimulus-dependent regulation of intracellular Ca 2+ signaling, belongs to a superfamily of plasma membrane transient receptor potential (TRP) channels, which are divided into 7 subfamilies (Nilius et al., 2007) . The TRP Canonical subfamily (TRPC) family includes seven structurally related orthologs, TRPC1 to TRPC7 (Henley and Poo, 2004; Gomez and Zheng, 2006) . TRP channels operate either as primary detectors of chemical and physical stimuli, as secondary transducers of ionotropic or metabotropic receptors, or as ion transport channels. Both TRPC4 expression and function have been documented in the brain (Mori et al., 1998; Riccio et al., 2002; Fowler et al., 2007) . TRPC4 is also present in peripheral sensory neurons (Wu et al., 2008) as well as throughout the gastrointestinal tissue. TRPC4 mRNA and immunoreactivity was shown to be present in nerves innervating both the circular and the longitudinal muscles arising from the musclemyenteric plexus, submucosal plexus and myenteric ganglia . Several TRP superfamily members play an important part in the control of GI motility and visceral sensation (Boesmans et al., 2011) . Like other TRPCs, TRPC4 is postulated to play a role in the functional neurobiology of the enteric nervous system, including calcium homeostasis, membrane excitability, synaptic transmission and axon guidance. However, its role in sensory function, whether somatosensory or viscerosensory, including pain, has not been studied in vivo but will be addressed here.
In this study, behavioral tests and in situ hybridization (ISH) assays were performed to explore the role of TRPC4 in peripheral somatosensory and viscerosensory pain pathways. We utilized a novel transposon-mediated TRPC4 knockout (KO) model and wild type (WT) controls to examine the behavioral consequences of noxious stimulation with intracolonic MO. Data show that TRPC4 KO rats do not display the typical MO-induced effects seen in WT rats. Lastly, consistent with the notion that TRPC4 plays a key role in MO-induced pain behaviors, WT rats treated with ML-204, a selective TRPC4 channel antagonist (Miller et al., 2011) , also displayed resistance to the noxious effects of intracolonic MO. Data presented in this study provides strong evidence that TRPC4 plays an essential role in the transmission of MO-induced visceral pain.
Methods
All procedures were consistent with the guidelines for Ethical Treatment of Research Animals published by the International Association for the Study of Pain and the National Institutes of Health Guide for Use of Experimental Animals to minimize animal use and discomfort. Procedures were approved by the Animal Care and Use Committee at the University of Kentucky. Animals received food and water ad libitum and were kept on a 12-h day-night cycle. Animals were raised and handled from birth by laboratory staff to facilitate acclimation to von Frey testing in order to minimize variability between animals within the experimental groups (outlined below).
Generation of TRPC4 knockout rats
Insertional mutant rats F344-TRPC4 Tn(sb-T2/Bart3)2.192Mcwi (heterozygous, TRPC4 +/− ) were provided as "seed rats" by Transposagen Biopharmacueticals Inc. (www.transposagenbio.com). The KO rats were generated by random insertional gene trapping using the Sleeping Beauty transposon vector (T2/Bart3), which contains transcriptional termination elements (by Medical College of Wisconsin) (Lu et al., 2007) . The transposon integrated within intron 1 of TRPC4 and resulted in the ablation of all isoforms containing exon 1. TRPC4 −/− rats (250-400g) were bred in Dr. Westlund's laboratory at the University of Kentucky. The TRPC4 −/− rats were viable and bred equally well compared to inbred Fisher 344 wild type (WT) rats. Littermate TRPC4 −/− , TRPC4 +/− , WT male and female rats were used in experimental and control groups. Since the TRPC4 −/− mutation is in the inbred Fisher 344 line, commercially available Fisher 344 rats represent appropriate WT controls for the studies.
PCR Genotyping
All rats bred at the University of Kentucky were genotyped by PCR. The genotype of each animal was confirmed using 3 primers designed by Transposagen to test WT, TRPC4 +/− and TRPC4 −/− rat pups: 5'-GTGTTGGTCTCCATTACTTCAGCT-3', 5'-ATTCTTCCCTTTGAGCCCACT-3', and transposon primer 5'-CTGACCTAAGACAGGGAATT-3'. PCR was carried out at 94°C for 7 min, and then 94°C for 30 s, 55°C for 30 s, and 72°C for 45 s for 25 cycles, followed by 7 min extension at 72°C using a PTC-100 programmable thermal controller (MJ Research Inc., Waltham, MA). The expected 905 bp product for the wild-type allele, which spans the transposon insertion site, and 510 bp product for the mutant allele, which corresponds to a unique junctional product consisting of host and transposon sequences, were separated on a 1% agarose gel.
Probe Design and Synthesis
DNA templates (712 bp in length, 768-1478) were synthesized by standard PCR strategy. To enable synthesis of antisense and sense cRNA probes, T7 and SP6 RNA polymerase promoters were added at the extremities of the sense and antisense templates, respectively. The following primers were used:
The cRNA transcripts were validated by cold RNA probe synthesis and agarose gel electrophoresis prior to radiolabeling with 35 S-UTP (>1,000 Ci/mmol; Cat. #NEG039H, Perkin Elmer LAS Canada, Inc.).
Tissue Preparation, ISH and Autoradiography
Rat pups (postnatal day p5) were included in localization studies comparing Fisher WT (n=3), TRPC4 +/− (n=6), and TRPC4 −/− (n=6) rats. Adult rats were anesthetized (isoflurane), and decapitated. Spinal cord (thoracic, lumbar and sacral segments) and left and right dorsal root ganglia (DRG) including lumbar L6 and sacral S1, which both innervate the descending colon (Robinson et al., 2004) , as well as the intestine (duodenum, jejunum and colon) were rapidly dissected, immersed in embedding media, and frozen in an isopentane and dry ice slurry cooled to −35°C. As controls, lumbar L4 and L5, which provide less innervation to the colon, were similarly prepared for ISH. Rat p5 pups were anaesthetized in CO 2 gas, frozen in cooled isopentane and cut whole sagittally with a cryostat into 8 µm sections. These were mounted onto glass slides and prepared ISH by fixation in freshly prepared 4% formaldehyde treated with triethanolamine/acetic anhydride, buffer washed, and dehydrated through a graded ethanol series, as described previously (Biagini et al., 2001) . 35 S-labeled cRNA antisense and sense probes were prepared fresh just before use. Tissue sections were hybridized overnight (55°C) with 50-80,000 cpm/µl 35 S-labeled probes in 50% deionized formamide buffered with Tris-HCl (20 mM, pH 7.4), 0.3 NaCl, and 10 nM NaPO4 with 5 mM EDTA, 10% dextran sulfate, 1× Denhardt's, and 50 µg/ml total yeast RNA. The tissues were subjected to stringent washes (65°C) in 50% formamide, 2× SSC, and 10mM DTT, followed by PBS washes before treatment with 20 µg/ml RNase A for 30 min (37°C). After repeated washes in 2× SSC and 0.1× SSC for 10 min (55°C), the slides were dehydrated and exposed to X-ray film for 5 days. Slides were then coated with photographic emulsion (NTB) (Kodak), exposed for 15 days and developed with D19 photographic solution (Kodak). As a positive control for the assay, brain derived neurotrophic factor (BDNF) 35 S-labeled cRNA probes were assayed as previously described (Biagini et al., 2001 ) under identical conditions, except with only 3 days exposure to X-ray film (data not shown).
Formalin injection in the foot pads
Each animal was placed in an empty see-through cage in an isolated room for a 10-min acclimatization period before the formalin injection. An injection of formalin (1.5%, 50 µl, subcutaneously) into the footpad with a 28G½ (0.36 × 13 mm) sterile needle mounted on a 0.5cc U-100 Insulin Syringe inserted into the footpad close to the border between hairy and glabrous skin. The 1.5% formalin is freshly prepared from stock (0.55% formaldehyde). Controls were injected with an equal volume of sterile saline at the same site and the same manner. Immediately after the injection, the animals were placed back in the same empty cage for a 45-min observation period recorded with a video camera linked to a computer recording program for offline data analysis). The number of seconds that the animals spend rubbing or flicking the injected hindpaw was recorded. These activities were present in the two phases typical of formalin test events.
Intracolonic Infusion of Mustard Oil (MO)
Animals were placed in the recording chamber 10 min before infusion of MO (0.5% allylisothiocyanate in peanut oil (Sigma-Aldrich, St. Louis, MO USA). Petroleum jelly (Vaseline) was applied in the perianal area previous to this to avoid the stimulation of somatic areas by contact with the irritant chemical. The oil (0.5 ml) was administered by introducing a fine cannula with a heat-rounded tip (PE90 tube; 7 cm long) into the colon via the anus.
Assessment of Pain-related Behaviors
Immediately after the MO infusion, the animals were placed back into the observation cage. Spontaneous pain-related behaviors were documented in videotaped recordings (25 min) and ratings performed by a blinded observer. Postures defined as pain-related behavior in this study included licking of the abdomen, stretching the abdomen or hindlimb, lowering the abdomen against the floor and abdomen retractions which were evaluated as previously described (Laird et al., 2001 ). These behaviors, while subjective, represent the standard assays used for assessing pain-related behaviors (Craft et al., 1995; Lanteri-Minet et al., 1995; Laird et al., 2001; Negus et al., 2006) .
Paw Withdrawal Threshold Test
After videotaping of the MO-induced pain-related behaviors, mechanical withdrawal threshold testing was done on the plantar surface of both hindpaws using a set of eight von Frey monofilaments and ratings performed by a blinded observer. In order to minimize variability between animals within an experimental group, the animals were acclimated in the week before testing by visiting the adjacent testing room and being placed in the test cubicles several times. The day prior to testing, the animals participated in sham testing with the von Frey filaments. The von Frey filaments were applied perpendicularly to the plantar surface with sufficient force to bend the monofilament slightly and held for about 5 seconds. A positive response was defined as an abrupt withdrawal (flick response) of the foot during the stimulation or immediately after the removal of the stimulus. The up/down method by Chaplan et al. (Chaplan et al., 1994) was utilized, i.e. whenever there was a negative or positive response, the next stronger or weaker filament was applied, respectively. The pattern of positive and negative responses was converted into a 50% threshold value (in grams) using the formula given by Dixon (Dixon, 1980) .
TRPC4 Antagonist ML-204
The pain-related behavioral assessments detailed above were also performed in WT rats after treatment with a small molecule TRPC4 antagonist, ML-204 (Evotec; South San Francisco, CA US). ML-204 (4-methyl-2-(piperidin-1-yl) quinoline) is the first potent and selective blocker of TRPC4 channels Miller et al., 2011) . This agent was only characterized in vitro using cell cultures of peripheral nerves, intestinal smooth muscle myocytes and HEK cells transfected with mouse and guinea pig TRPC4 channels (Miller et al., 2011) . Intraperitoneal (i.p.) injection doses of 0.03, 0.15, 0.75 mg/kg were administered in pre-and post-treatment trials. In a separate control group of WT animals oral ML-204 was given in pre-and post-treatment doses of 0.5 and 1mg/kg.
Morphine (Boehringer Ingelheim, Roxane Laboratories, Columbus, OH) was administered subcutaneously (5 and 10 mg/kg) as a benchmark for in vivo efficacy in animal pain models.
Electrocardiogram (ECG) Recording of Blood Pressure and Heart Rate
ML-204 was gavaged with 1mg/kg in 10% sucrose 30min prior to taking ECG and blood pressure measurements. Animals were placed onto conductive electrode lead plates on an ECG recording platform (ECGenie™), which was enclosed on three sides with acrylic panels. Animals were allowed to acclimate for 3-10 minutes. After the acclimation period, ECG signals were recorded for 2-10 minutes to provide heart rate and ECG indices (P, Q, R, S, and T points). The procedure performed by a blinded observer was non-invasive and required no sedation or anesthesia (Chu et al., 2001 ).
Statistics
Data with multiple groups were analyzed with one-way analysis of variance (ANOVA) followed by Tukey post hoc tests. The time cause among groups was performed a two-way ANOVA with Bonferroni posttest using GraphPad Prism version 4.0 (GraphPad Software, San Diego California USA. Data compared between two groups was analyzed using twotailed Student's t-tests. A p value of ≤0.05 was considered statistically significant. All values are reported as mean +/− standard error (SE) of the mean (x ± SEM).
Results

TRPC4 mRNA in situ hybridization in control and TRPC4 −/− neonate (p5) rat tissues
The TRPC4 knockout efficiency was assessed by ISH in day 5 postnatal rats (p5) from WT, heterozygous (TRPC4 +/− ) and homozygous (TRPC4 −/− ) animals (photomicrographs obtained from various tissues are shown in Figures 1 and 2 . The ISH signal was localized mainly in the brain cortex and hippocampus, but was also detected in a number of other organs including the intestinal wall, tooth dentine, ganglion VIII, spinal dorsal root ganglia (DRG), bone marrow, liver erythropoietic centers and skin sweat cells (data not shown). When compared to WT animals, the TRPC4 mRNA levels decreased by approximately 50% in TRPC4 +/− tissues and were undetectable in TRPC4 −/− tissues (Fig. 1) . In the gut, TRPC4 mRNA was expressed in lamina propria cells and the submucosa plexus in p5 and in adult rats (Fig. 2a) . TRPC4 mRNA was detected in the intestine of WT rats (Figs. 1b and 2a) but was undetectable in TRPC4 −/− rat intestinal tissue (Figs. 1d and 2c) .
Pain-related behavior
The effects of TRPC4 gene disruption was assessed using several animal models of somatic, neuropathic and visceral pain. Negligible differences occurred between WT control and TRPC4 −/− rat groups for several conventional assessments of somatic and neuropathic pain, including hindpaw formalin irritation (see Fig. 3A ), heat stimulation of the tail, temporomandibular or knee joint inflammation with complete Freund's adjuvant, and sciatic or infraorbital (trigeminal) nerve constriction injury (data not shown).Exploratory behaviors adapting to a novel environment in an open field test box were normal on the six parameters collected: rearing events, rearing duration, total beam broken, distance traveled; total active and resting times (see Fig. 3B ). These data imply that unprovoked higher brain level functions are normal in TRPC4-deficient rats and that there does not appear to be any evident physical or locomotor anomaly that could interfere with the pain assays.
In contrast, a marked difference was observed between WT and TRPC4 KO rats following intra-colonic infusion of MO, an established model of visceral pain (Laird et al., 2001) . Following exposure to MO, WT rats displayed complex spontaneous pain-related behaviors, such as licking of the lower abdomen and abdominal retractions/stretching, clearly identifiable during the 25-min videotaping session. In genetically modified rats, licking of the lower abdomen was significantly reduced (p<0.05) by approximately 60% and 69% respectively in TRPC4 +/− and TRPC4 −/− rats (WT 49.75±4.5, TRPC4 +/− 19.57±6.6; TRPC4 −/− 15.28±6.6 events) while abdominal retractions/stretching was inhibited by 28% and 99% (WT 57.75±27, TRPC4 +/− 41.43±13.91; TRPC4 −/− 0.43±0.42 events) (Fig. 4A ).
Rats exposed to intracolonic MO typically display a primary visceral hyperalgesia and a secondary mechanical allodynia. The "referred" secondary hypersensitivity is evident as an increased sensitivity of the hind paws to stimulation by von Frey filaments. However, the paw withdrawal threshold in response to mechanical stimuli remained unchanged from baseline in TRPC4 −/− rats following MO exposure, providing additional evidence of insensitivity to the visceral pain in these rats. The TRPC4 −/− rats had a consistent 50% mechanical threshold of 17-18 g both before and after intracolonic MO infusion (TRPC4 −/− vs. WT p<0.001). In contrast, mechanical threshold responses to von Frey fiber stimuli after exposure to MO revealed a sharp reduction in the WT rats from a baseline of 17-18 g to 2 g (Fig. 4B) . The mechanical threshold of the TRPC4 +/− rats was decreased to levels intermediate between the WT and KO groups (TRPC4 +/− vs. WT p<0.001; TRPC4 +/− vs. TRPC4 −/− p<0.001), displaying a 50% mechanical threshold of 7-8g.
Visceral pain-related behaviors following potent selective TRPC4 antagonist treatment
Further evidence of the involvement of TRPC4 in visceral pain transmission was provided by treatment of WT rats with ML-204, a novel small molecule identified as a potent selective TRPC4 channel antagonist (Figs. 5, 6 ). Oral administration of ML-204 in pretreatment trials effectively reduced spontaneous pain-related behaviors induced by colon MO infusion, i.e. fewer body licking responses compared to the vehicle treatment group (52.14±7.27; 21.67±4.9 (p<0.05) and 2±2 (p<0.01) responses respectively for the vehicle control group and the 0.5 mg/kg and 1.0 mg/kg treatment groups) and fewer abdominal retractions (vehicle 68.28±16.67, 0.5 mg/kg 31.67±2.18 p<0.01, 1.0 mg/kg 10.66±5.4) (Fig.  5A) . A statistically significant dose dependent reduction in the mechanical allodynia response was also observed for the two doses tested ( Fig. 5B ; 0.5 and 1 mg/kg, p<0.05 and 0.01, n=4).
The results showed that i.p. administration was more effective (Fig. 6) . A statistically significant diminution was noted in spontaneous pain-related behaviors (Fig. 6A ) in pretreatment trials. In the 0.75 mg/kg group, the number of lower body licking events decreased to 19.25±7.19 from in the vehicle treatment group 58±12.92, p<0.05. The number of abdominal retractions was 32.5±9.26 vs. 82.5±12.22 in the vehicle group (p<0.05, n=4 each group). There was also a reduction trend for single dose, post-treatment injections (Fig. 6B , 0.75 mg/kg). Mechanical allodynia responses demonstrated a statistically significant dosedependent reduction for both doses tested at 30 min (Fig. 6C) . In the 0.15 mg/kg group the 50% mechanical threshold was 10.85±0.78 g for left paw and 11.35±1.62 g for right paw, and in the 0.75 mg/kg group the 50% mechanical threshold was 14.77±2.3 g for both paws while it was 2.88±0.44 g for the vehicle treatment group, (p<0.01 and p<0.05, n=4 each group). The maximally effective dose of 0.75 mg/kg, is about 50 times the IC50 in vitro (Miller et al. 2011) . ML-204 blocked visceral pain-related behaviors in rats with colon MO infusion, including both primary visceral hyperalgesia and/or secondary mechanical allodynia. By comparison, a ten-fold higher dose of morphine (5 mg/kg, subcutaneous) gave an equivalently effective block (Fig. 6D) . The number of lower body licking events was 21.67±4.9 vs. 52.14±7.27 for the vehicle group, (P<0.05, n=3). The number of abdominal retractions was 31.67±2.18 vs. 68.29±16.67 compared to the vehicle group (p<0.05, n=3). ML-204 administration had no effect on blood pressure, heart rate or ECG parameters ( Table 1 ).
All of the TRPCs are reportedly expressed in blood vessels, especially in endothelial cells and vascular smooth muscle cells. Blood pressure and ECG measurement were carried out in healthy WT rats to determine if block of TRPC4 alone with ML-204 would produce cardiovascular effects. ML-204 administration had no effect on blood pressure, heart rate or ECG parameters (Table 1) .
Discussion
This study focuses on the role of the TRPC4 gene in responses to noxious colon irritation. The TRPC4 channel has been shown to have a physiological role in microvascular permeability, vasorelaxation, gastrointestinal motility, and GABA release. This study provides direct evidence that TRPC4 is required for MO-related chemical sensing in the colon and suggests its involvement in transmission of visceral pain, associated with various acute and chronic states. Most often, visceral pain is caused by distension, obstruction, or inflammation of the gastrointestinal tract, which activates the normally 'silent' visceral afferents. Instillation of MO into the descending colon induces an acute irritation identified as a cross-organ reflex sensitization with evoked activity in the spinal cord (Peng et al., 2009) . Neuronal pathways involved in visceral pain include the peripheral sensory fibers present along hollow internal organ walls and vasculature. The sensory nerves innervate neurons located in spinal cord laminae I, II, V and X that transmit information about pain (Ness and Gebhart, 1990) .
When noxious MO is administered to the colon of rats deficient in TRPC4, insensitivity is noted (Fig. 4) , in contrast to the robust pain-related responses seen in WT rats (Laird et al., 2001) . Hence, inactivating the TRPC4 channel, likely involving sensory pathways, is sufficient to block MO-induced-behavior. Consistent with our observations, TRPC4 was localized by immunocytochemistry in adult DRG sensory neurons (Wu et al., 2008) . DRG sensory fibers may, likely, play a role in transmission of MO-induced sensations to the central nervous system. In addition, the ISH data, showing expression in lamina propria cells and submucosa plexus (Fig 2) , have provided insight into the local structures that may specifically require TRPC4 for MO-related visceral pain transmission. This is consistent with immunocytochemical localization of TRPC4 in intestinal myenteric and submucosal plexuses, where it has been observed in the varicose nerve fibers in myenteric ganglia and interganglionic fibers bundles .
Regarding primary sensory fibers, TRPC4 was localized by immunohistochemistry to noncholinergic sensory neuronal fibers and additional TRP superfamily members may also have a role in activation of nociceptive nerve endings in response to mechanical stretch, low pH and noxious chemicals (Caterina et al., 2000; Caterina and Julius, 2001 ). Furthermore, TRPC4 could form complexes with other TRP channel family members, such as TRPA1, which are present in sensory fibers, TRPA1 mRNA was also detected in human and mouse mucosa (Purhonen et al., 2008) and are responsive to MO (McMahon and Wood, 2006; McNamara et al., 2007; Bessac et al., 2009) . It is also possible that TRPC4 supports chemosensory functions other than pain in the intestinal wall, for example, monitoring and controlling extracellular pH (Semtner et al., 2007) and alerting the autonomic nervous system to low oxygen levels . Responses to pH shift, mechanical stretch, and smooth muscle contractility important in intestinal pacemaking currents reportedly involve TRPC4 and TRPC6 (Walker et al., 2002) , with TRPC4 mediating more than 80% of muscarinic receptor-induced cation current in intestinal smooth muscle cells important for accelerating gastrointestinal motility (Tsvilovskyy et al., 2009 ).
The insensitivity of TRPC4 KO rats was similar to the response profile of control rats after the noxious visceral insult if given a TRPC4 antagonist or morphine in the studies here or in studies reported by others testing various chemical models of inflammatory bowel syndrome after injection of gabapentin, pregabalin or morphine (Shannon et al., 2005; Gale and Houghton, 2011) . While the TRPC4 −/− rats were highly tolerant to noxious chemical stimuli applied to the colon, their responses to several other conventional somatic and neuropathic pain assessments were typical, indicating that TRPC4 is specifically relevant to visceral nociception.
The present study has identified the TRPC4 ion channel as a potential therapeutic target for visceral pain that may be more suitable than opioids and non-steroidal anti-inflammatory agents for GI pain management and potentially for other types of pain. Visceral pain does not respond adequately to the current pain therapeutics, giving a rationale to search for novel potent analgesics. In this respect, we report here for the first time that the small molecule TRPC4 antagonist, ML-204, has analgesic properties and is effective in vivo either orally or i.p. (i.e., for exposure to abdominal cavity celiac ganglion or systemic absorption) in doses 10-fold lower than effective doses of morphine and does not result in changes in the animal's cardiovascular profile or other apparent side effects. ML-204 is the first selective blocker for TRPC4 channels with low micromolar potencies in several in vitro cell models Miller et al., 2011) . Because of its selectivity for TRPC4, which is unique among this family of ion channels with high sequence homology, ML-204 could become the basis for a drug discovery program to seek innovative and targeted therapeutics for visceral pain. It is not clear whether ML-204 can cross the blood-brain-barrier and impact TRPC4 activity in the central nervous system. Future studies should address this question.
In summary, this study using a single gene knockout rat model, demonstrates the role of TRPC4 in the transmission of MO-induced visceral pain-like behaviors. While causing robust pain-related responses in control rats, application of irritative MO to the colon provokes no behavioral responses in TRPC4 −/− rats. Likewise, a small molecule TRPC4 antagonist significantly reduces behavioral responses to the noxious visceral stimulus without adverse cardiovascular or other side effects when given orally or i.p. Taken together, our results demonstrate that TRPC4 is a novel pain target and suggest that inhibition of this target by administration of ML204 may suppress colonic visceral pain without the side effects associated with morphine and provide a clinically relevant benefit.
Highlights
We show that TRPC4 plays a role in visceral pain transmission pathways TRPC4 knockout rats show no behavioral responses to mustard oil intracolonic exposure A TRPC4 small molecule antagonist ML-204, mimics the responses seen in knockout rats After hindpaw intraplantar injection of formalin, rats immediately showed typical formalininduced nocifensive behaviors in a biphasic pattern, including: hindlimb favoring, lifting, biting/licking, and increased rearing and locomotion. The phase I begins immediately after the formalin injection and lasts about 10 min (2 blocks). Phase II typically begins 15 to 20 min after the formalin injection and continues for ≥45 min. There were no significant differences among the groups. (two-way ANOVA with Bonferroni post-test, P>0.05). Effect of ML-204 on Blood Pressure, Heart Rate and ECG Parameters ML-204 was gavaged with 1mg/kg in 10% sucrose 30min prior to taking ECG and blood pressure measurements. ML-204 administration had no effect on blood pressure, heart rate or ECG parameters. 
